Experimental testing and deformation measurements during static loading in areas with high gradients are usually accompanied by uncertainties and inaccuracies of the applied methods. Comparison between different experimentally determined deformations and numerical calculation results of deformations at the determined measured points could be used to determine sensitivities and suitability of the particular measurement method for small deformations and pronounced levels of plastification. The paper presents analysis of combined deformation measurement methods with strain gauges and stereo-optical methods near the fatigue crack on the specimen during tensile loading. The results show that strain gauges are suitable for measurements at smaller deformations as applied for monitoring deformations during fatigue crack propagation. The stereo optical methods are suitable for measurements when significant elastic deformations occur, i.e. near the yield point, during static testing with plastic deformations and material fracture.
INTRODUCTION
Components and structures exposed to fatigue with elastic dynamic loading respond with elastic strains on the surface of the material [1, 2, 3 and 4]. The mechanical response could be monitored by deformations on the surface with electronic devices dedicated for on-line measurements equipped with appropriate computerized monitoring system for evaluation and analysis. In previous work [5, 6] an evaluation of crack depth growth was performed by strain gauge measuring sensors based on surface deformation relaxation phenomena due to crack depth growth. The monitoring of the material under cyclic loading resulted in an experimentally determined calibration curve, which represents deformation on the surface and depth of the semi-elliptical crack [5, 6] . To extend the method of crack growth estimation on the surface of material, additional stereo-optical surface measurements were applied on the other side of the material with a semi-elliptical crack. The aim of these measurements was to determine and compare results of deformations and determine correlation of specimen behaviour under cyclic loading conditions [7] .
Generally, the relation between the stress and strain is given by Hooke's law in matrix form for a linear elastic isotropic material as set of equations: 11 11 11   22  22  22   33  33  33   23  23  23   13  13  13 12 12 12 1 1 0 0 0
where is strain, = 2 is the engineering shear strain, is Young's modulus, is Poisson ratio and is stress. The inverse relation may be written as (Eq. (2)):
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Eq. (2) written in vector form becomes Eq. (3):
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where I is the identity tensor.
For plane stress, with conditions that 31 = 13 = 32 = 23 = 33 = 0, Hooke's law can be written as (Eq. (4)): 11 11 22 22 12 12 1 0 1 1 0
The simplified form of Hooke's law for tensile onedimensional loading is written as Eq. (5):
where 0 is strain, is Young's modulus, is stress, and is the surface of applied force . The important part of reliable crack propagation monitoring is the estimation of the accuracy of the particular method used during testing. This paper presents suitability of two technical approaches with measurement methods applied on the component with a semi-elliptical crack and estimation, when it is appropriate to use them, with regard to the crack size and tensile strength during cyclic tensile loading test. A specific 3D numerical model with the crack was used to compare experimental and numerical results. The comparison was done with actual deformations measured during tensile test with strain gauges and stereo-optical measurements at specific points on the surface of the component.
EXPERIMENTAL TESTING
The material of the test sample was structural steel grade S690. The tensile properties are determined by standard tensile testing of round tensile specimen cut out of the plate in the rolling direction according to DIN 50125 and ASTM E 646-91 standards. The nominal thickness of the plate was 8 mm. The experimentally obtained results were: -Young's modulus: E = 202 GPa -Yield strength: ReH = 659 ± 15 MPa -Ultimate strength: R m = 786 ± 5 MPa
The tensile flat specimen, also cut-out in the rolling direction, with a cross-section of 32 × 8 mm was used for test. The semi-elliptical surface crack was generated by fatigue bending loading from the surface short notch with a maximum applied bending stress σ = 76.65 MPa and a frequency of 30 Hz with a Rotech dynamic machine [8] . After fatigue bending testing the crack was identified and measured by ultra sound inspection. Fig. 1 shows the position of the 10 strain-gauges in the row on the surface of specimen, about 1.7 mm near surface crack. The position of SG 11 in the middle of surface of specimens is also shown in Fig. 1 . It is the bulk specimen strain which represents the nominal strain value as the ratio between the applied force and the cross section, according to Eq. 5. The dimensions of 10 strain gauges in row for type HBM, model 1-KY21-2/120 [10] are shown in detail in Fig. 1 .
Tensile testing was performed on servo-hydraulic uniaxial testing machine INSTRON 1255 under room temperature (+23 °C) and under displacement control with a constant stroke velocity of approximately 0.9 mm/min. The testing set-up for stereo-optical and strain-gauge measurement is shown in Fig. 2 .a). The loading characteristic is given in Fig. 2 .b). For strain determination two methods are used. One method uses strain gauges at the side of the surface crack and the other method uses stereo-optical measurements on the surface of material on the opposite side of the crack. The recorded force vs. displacement diagram is presented in Fig. 2 .c). The specimen was monitored simultaneously with the Aramis stereo-optical system and strain gauges. Since the crack was present and grown because of previous cyclic loading, the strain and deformations were distributed near the crack.
The deformations were measured with strain gauges (see Fig. 1 ) and are shown in Fig. 3 . Fig. 3 also shows the same force-time characteristic as in Fig. 2.b ), but with different strain magnitude due to different strain gauge locations on the surface.
The ramp loading regime is following the shape and slight shift of deformations due to different locations and surface deformation relaxations near the crack and related strain gauge position. There are slight deviations in the amplitude. The lowest strain amplitude is shown by straingauges in the centre of surface of specimen near the crack, while the highest is shown by strain-gauge 11, which measured bulk specimen strain, as shown in 
Therefore, the difference between theoretical and measured crack size is about 7%, which is a reasonable value. The reconstructed crack cross sections geometry was applied for the model for FEM analysis. 
STEREO-OPTICAL STRAIN MEASUREMENTS
The stereo optical measurements were performed during tensile test with the GOM Aramis device [9] . The determined rectangular measurement area defined for the specimen is shown in Fig. 5.a) .
The observed rectangular area is divided into sections from S0 to S10, which are equidistant from the top to the bottom of the measurement area in the y-direction. The horizontal direction is represented by samples (in our case 123 points). The entire test sequence was measured in time samples (frames) with duration of 250 ms. Every time frame represents the result of strain or deformation at certain time and the correlated loading. The loading was applied as shown in Fig. 2.b) . The stereo-optical measurements were analysed for all loading regimes. During smaller forces a lot of noise was present. The estimated average deformation noise calculated from the test was 0.7×10 −3 mm/mm (strains). In each point of the section the deformation as engineering strain was calculated. Fig. 5 shows positions of parallel lines in the direction of tensile loading, at different tensile loads. Initial stage without any applied load F = 0 is shown in Fig. 5 .a), while only two stages under applied tensile load F = 120 kN and F = 176.3 kN are shown in Figs. 5.b) and 5.c), respectively. It is obvious that the highest strain occurred not below the crack tip, but symmetrically left and right from the crack. Fig. 5 .b) shows that maximum strain in the middle is below 1%, which makes difficult to optically recognize exact values of strain when the specimens are loaded by 470 MPa remote stress. The highest peaks are in the middle (section lines 6 and 7) of the specimen. Fig. 5 shows also that the highest strain gradient distribution from the middle of specimen to the upper and lower surface of specimens has an hourglass shape. Therefore, the strain distribution has a 3D shape in the case of a semi-elliptical surface crack. The average nominal deformation apart from the crack is represented by ε 0 . Near the crack, on the opposite site of the specimen, maximum deformation ε max appears at the area at 45° angle from the crack depth , as shown in Fig. 6. Fig. 7 shows clearly visible maximum peaks measured by the stereooptical method at frame 152 when the specimen was subjected to F =176.3 kN. Based on sensitivity of optical methods one can conclude that these methods are suitable for measurements at larger loads, where signal to noise ratio is considerable for realistic measurements. In this particular case, where correlation between two methods is investigated and compared with finite element method results, we can conclude that the method is useful to follow crack growth at the opposite side of the material.
NUMERICAL MODELLING AND SIMULATION
Based on fracture graphic evaluation of the cross section of the specimen a semi-elliptical crack was defined in the model, as shown in Fig. 8 .
The dimensions of strain gauges in the row for type HBM, model 1-KY21-2/120 [10] were also taken into account.
The FEM model was then developed for the modelling tool ABAQUS Explicit 6.13 [11] , based on the given dimensions and the obtained material properties. The model shown in Fig. 8 was developed in symmetrical form, since the tensile test was performed symmetrically. The overall model consists of: -49588 (type C3D8R) elements -2408871 (type C3D10) elements -1430589 (type C3D4) -in total this is 2369544 elements.
Where: -C3D8R = 8-node linear brick, reduced integration with hourglass control, -C3D10 = 10-node quadratic tetrahedron, -C3D4 = 4-node linear tetrahedron. Based on the specific time frame of the loading during tensile test, which represents specific force at that time, four forces were determined and evaluated to represent results with different loadings (F = 11.7 kN, 20.6 kN, 50 kN and 73.8 kN) in order to follow loading characteristic given in Fig. 2.b) .
The numerical results of specimens are shown in Fig.  9 at the load F = 73.8 kN. It is obvious that the highest stress concentration appeared along the semi-elliptical crack front. For comparison of different strain measurement techniques, the numerical calculated strain values in area of stress monitoring are necessary to be analysed and compared. The FEM numerical analyses were performed at three locations as shown in Fig. 9 . FEM-0 represents deformation results at the opposite side of the crack symmetrically to the crack location, FEM-1 represents results on the opposite side of the crack located 6.5 mm aside of the crack axle, and FEM-2 represents deformations on the same side of the crack with 6.5 mm shift at the location of installed strain gauges. The stress comparison between FEM-1 model results and Aramis results is shown in Fig. 10 . The results are presented for two symmetrical sections 6.5mm from the axis over the crack (sections 48 and 92), which are 22 pixels from centreline section 70. The results are marked with the area in circles for a particular stress and loading value. Solid lines are FEM results and dots are Aramis results.
The comparison between stereo optical results and FEM-1 results presented in Fig. 10 shows reasonably good matching at the bulk of the specimen body with 5-10% difference. The noise at the edge of the specimen (dotted circle at the edge of specimen) is the reason for bad measured stress/deformation at the edge of the specimen with the Aramis. The noise at lower forces is one of the main drawbacks of Aramis method to be used for crack propagation monitoring via surface deformation measurements.
The comparison between FEM-0 results with Aramis is shown in Fig. 11 . The symmetrical location is at section 79 in the x dimension, at the crack axis. The loading values are at the same time frames (27, 49, 91 and 129) . The results at the location on the symmetrical position on the other side of the crack are matching very well and appropriate trends are seen through the whole width of the specimen. The typical saddle in the mid area is due to lower stress at the middle section where the semi-elliptical crack was present. With the higher loads, the residual stress was increasing at the side of the material dimension, due to higher stress intensity factor at the edge of the material.
The third comparison is done for the results of FEM-2 and strain gauges measurement results (see Fig. 11 ). Channels marked with CH## represent strain gauges located on the surface of the material near the crack. All channels in red crossed format are those that failed during long term cycling loading. Channel CH11 represents reference strain gauge sensor installed remotely from the crack as shown in Fig. 3 .
The results at lower forces are comparable with the same range as the FEM-2 values and trends of the loading (see Fig. 7 ). At higher forces, the response values are decreasing. The reference sensor values CH11 are comparable with calculated FEM-2 values, but the other values are distorted, especially when forces become higher. During loading with cyclical force, the junction between strain gauges and material surface became deformed with some residual stresses. This is more relevant near the crack of the specimen and less when distant from the crack. However, the response trends are still present and could be used for crack propagation monitoring and evaluation.
Similar approach has been shown in article [12] by Kotšmid et al. 
CONCLUSIONS
The purpose of this paper is to present two correlated methods for deformation response on the surface of material and compare them with results from FEM methods. In this paper, the tensile test analyses of specimen with semi-elliptical crack are presented. The specimen semi-elliptical crack grew under cyclic fatigue loading. The tensile test performed monitored conditions at the surface side of the crack by strain gauge sensors, with GOM ARAMIS stereo-optical measurements [9] on the opposite site of the crack and with loading and deformation conditions based on the Instron servo-hydraulic testing device.
The results of three different methods were compared, deformation behaviour measured with strain gauges, deformations measured with optical method and results from FEM analyses. The applied methods were evaluated to determine their practical usefulness with limits and deficiencies from crack propagation measurements with deformation response evaluation.
Comparison with stereo-optical measurement system demonstrated good matching of all three methods of deformations determination in the linear-elastic region of loading. It was determined that strain gauge measurement gives good results at lower linear-elastic loadings, but at higher loadings near yield stress, results are not proportional any more.
Stereo-optical methods used for deformations measurements are sensitive at lower loadings because of noise, which contributes less at higher loadings, where results match well FEM analysis results at different surface locations. The methods developed for relaxation measurements with strain gauges and correlation measurements with stereo optical methods assure monitoring of fatigue crack propagation during operations based on the pre-determined calibration curve and allow us to detect crack growth in time and avoid sudden structural failure.
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